Various methods have been used to characterize ultrafiltration membranes, such as gas flux measurements, (field emission) scanning electron microscopy, permporometry and liquid-liquid displacement. Significant differences in the pore size distributions determined from permporometry and liquid-liquid displacement were found.
Introduction
Different methods can be used to characterize mesoporic structures [1, 2] , which can be classified according to structure-related and permeation-related parameters. Beerlage [3] showed that the morphology of ultrafiltration membranes is different in the dry and in the wet state. Therefore, the characterization technique should be chosen in such a way that the medium of characterization and final application are identical.
Theory

Characterization techniques
Gas flux measurements
The measurement of the gas fluxes is an important and simple method for the determination of the overall *Corresponding author.
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Pll S0376-73 88(97)0005 porosity of a membrane. The gas flux through a membrane can generally be expressed by: Ji = ~ Api (1) In the case of asymmetric porous membranes often the P/l-value is used to characterize the transport behaviour, because the determination of the skin layer thickness is rather difficult.
In a porous membrane pores of different sizes are present which all contribute to transport. Dependent on the pore size different transport mechanisms can be distinguished in an asymmetric membrane.
For pores with a radius >10~tm Poisseuille or viscous flow occurs. In this case gas molecules only collide with each other. No separation of gases can be achieved with these membranes. The flux through such membranes can be estimated by the Hagen-Poisseuille Eq. (2) assuming cylindrically shaped pores .
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In the case of smaller pores collisions of the gas molecules with the pore wall may become dominant if the gas pressure is not too high. The mean free path length of the transported molecules may become comparable or even larger than the pore diameter. The flux through these pores is then given by Knudsen flow (Eq. (4)) [4, 7] j --7rnrZDkAp Am RT 7"1
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If the ratio of the fluxes of two gases through a membrane is equal to the reciprocal ratio of the square root of the molecular masses of the two gases (see Eq. (6)) then it can be deduced that Knudsen diffusion Occurs, J1 v~ J2 -~ (6) To characterize porous membranes with respect to their gas transport properties often the P/l value is determined. From the ratio of the P/l values for different gases the selectivity can be determined which may give an indication whether Poisseuille flow or Knudsen flow occurs.
Scanning electron microscopy
Microscopic techniques are used to obtain both quantitative and qualitative information about the morphology of membranes [8] . However, it has to be noticed that the interpretation of the micrographs is often difficult. First of all the resolution of the method might be too low to detect pores with radii less than 20 nm and secondly, it cannot be concluded whether the pores observed on the surface are interconnected with the pores in the substructure. Finally, it should be noticed that artefacts might be created by the preparation technique of the samples.
A disadvantage of SEM is the employment of the relatively high energy of the primary electrons which may damage the sample. Therefore, the sample is in most cases covered with a thin layer of gold. However, it should be noted that the gold layer may have an influence on the observed structures because of clustering effects of the gold. Information about very fine structures may be lost. Better results can be obtained from field emission scanning electron microscopy (FESEM) [9] [10] [11] . The kinetic energy of the electron beam is much smaller (<5 keV is possible) compared to classical scanning electron microscopy, which will not destroy the polymeric sample so easily at high magnifications. The resulting beam of secondary electrons is smaller in dimension and shows increased brightness and higher resolutions, can be reached up to 2 nm. The quality of the micrographs is to a large extent determined by the preparation method [11] . This microscopic technique may be employed to determine surface pores in ultrafiltration membranes.
Permporometry
Permporometry is a useful method for the characterization of the active pores of ultrafiltration membranes. With this technique pores in the range of 3 to 100 nm can be determined. The method was first developed by Eyraud et al. [12] as gas-liquid permporometry. Later it has been improved to the gasvapour permporometry [13, 14] . Several authors reported recently on permporometry, e.g., Cuperus [15] , Cao et al. [16] , Beerlage [3] and Brinkman [17] .
Permporometry is based on the capillary condensation of a vapour in small pores in combination with the simultaneous measurement of the gas flux through the open pores. The used vapour should have a low interaction with the membrane material to avoid swelling. The membrane, which is placed in a cell, is contacted on both sides with vapour saturated gas streams. On one side, e.g., air and on the other side nitrogen saturated with cyclohexane are streaming along the membrane. In the beginning of the experiment the pores of the membrane are filled with the condensed vapour. By lowering the temperature of the saturated gas streams the vapour pressure decreases and pores start to open according to the Kelvin equation (Eq. (7)) [4, 18] :
The open pores allow the flow of both nitrogen and air, and the oxygen concentration in the nitrogen stream is monitored. Dependent on the number of pores which are open the oxygen content in the nitrogen stream increases and this can be related to the pore size distribution. A schematical drawing of the measurement principle is given in Fig. 1 . For the calculation it is assumed that the condensed vapour wets the material completely. Hence, the contact angle O becomes zero and therefore cos O becomes unity. During the desorption the interface between liquid and gas is hemispherical, so that rl and r2 become equal [18] [19] [20] [21] . The vapour pressure of a condensed liquid in a cylindrical pore is now given by a simplified form of the Kelvin equation [18] :
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The Kelvin radius rK which can be calculated with Eq. (8) is not equal to the real pore radius. Due to adsorption of the condensed vapour at the pore walls a thin film of adsorbed condensate is present which disappears only if the relative vapour pressure of zero is reached. Under experimental conditions, however, this cannot be realized, so the thin adsorbed layer, the t-layer, is always present on the pore walls. Therefore, the radius calculated with the Kelvin equation (Eq. (8)) must be corrected for the t-layer. The true pore radius can be obtained from Eq. (9):
where t is the thickness of the adsorbed layer (t-layer) at the pore walls [16, [19] [20] [21] . The size of the pores which open at a certain vapour pressure of an organic component, e.g., cyclohexane, can be calculated from the Kelvin equation. The number of pores can be obtained from the oxygen flow. The process of pore opening of a membrane during a permporometry experiment can be divided into four stages. In the first stage all pores of the membrane are filled with the condensed vapour. Only negligible diffusional transport of oxygen through the blocked pores can take place because the solubility of oxygen in cyclohexane is very low (see Beerlage [3] ). In the second stage the vapour pressure has been lowered so that the largest pores become open. The oxygen transport can take place through these pores. By further lowering of the vapour pressure smaller pores will open and take part in the transport of oxygen (Stage 3). In the last stage the relative vapour pressure of zero has been reached so that all pores are open and desorption of the t-layer takes place. The oxygen flux measured should be the same as gas fluxes through these membranes. To ensure that oxygen transport only takes place due to the concentration gradient the gas flows on both sides of the membrane, i.e., the saturated nitrogen and the saturated air streams, have to be equal. Furthermore, both vapour pressures, temperatures and overall pressures have to be identical.
The transport of oxygen through the pores, which are assumed to be cylindrically, can be described by Knudsen flow. Combination of Eqs. (4) and (5) gives:
The derivation of an equation to calculate the pore size distribution (dn/dr) is given in Appendix A
Liquid-liquid displacement
Liquid-liquid displacement is a characterization method for membranes in the wet state and can be applied to flat sheets and hollow fibers [22, 23] . At the start of the experiment all pores of the membrane are filled with a wettable liquid. This liquid is then dis-placed by a second liquid which is not miscible with the other. Replacement of liquid 1 can be reached by applying a certain pressure to liquid 2. According to the Laplace equation (Eq. (11)) the required pressure is proportional to the interfacial tension and inversely proportional to the pore radius. The advantage of this technique over gas-liquid displacement is the low value of the interfacial tension between two liquids which is almost two orders of magnitude lower than that of water and air. 
Experimental
Materials
Three commercial polyacrylonitrile membranes have been used. Firstly, membranes supplied by GFT (Deutsche Carbone-Gesellschaft ftir Trenntechnik, Germany) These membranes are normally employed as supports for GFT's composite pervaporation membranes. Secondly, two types of ultrafiltration membranes purchased from Stork, Gorredijk, B.V. (Netherlands) were used. These membranes, here referred to as Stork 3010 and 5010, are supplied in tubular form and are usually employed as UF membranes without a composite layer. The tubes were cut in such a way that after the drying procedure fiat membranes were obtained. These membranes have been characterized with respect to their gas flow, morphology and pore size distributions. The GFT membranes were used without any pre-treatment procedure, while the Stork membranes first were rinsed with water for at least two days and then dried following the procedure of Macdonald et al. [24] : First, they were stored in ethanol for 24 hours and then in hexane again for 24 hours and finally they were dried in air under glass plates to keep them flat.
Characterization techniques
Gas flux measurements. The membranes
were cut in circles of 4.8 cm in diameter and placed in the cell. Nitrogen was applied at the feed side, while the permeate side of the cell was connected to a mass flow meter.
Field emission scanning electron microscopy (FESEM). FESEM pictures were taken with a Hitachi
S 800 apparatus. For the preparation of the surfaces the membranes were cut into small pieces and mounted on a sample holder. A thin carbon layer was placed on top of the samples with an argon sputter coater (Polaron Turbo Sputter Coater). The sputter time was 60 seconds. For the preparation of cross-sections pieces of membranes were wetted in a water/ethanol mixture and then frozen in liquid nitrogen followed by breaking.
Permporometry.
A schematical drawing of the permporometry set-up is given in Fig. 1 . The membranes were placed in the diffusion cell (area 4.8 cm 2) which was then placed in a water bath at 34.5°C. Along both sides of this cell the two gases were allowed to flow; technical air (21% oxygen, 79% nitrogen) on the top side of the membrane and pure nitrogen at the permeate side. Mass flow controllers (Brooks 5850TR) have been used to adjust the flow velocities of both gases to 0.67 ml/s for the Stork 5010 and 1.5 ml/s for the Stork 3010 and the GFr membranes. The gas streams are flowing through two vessels with cyclohexane at a temperature of 75°C. Subsequently the cyclohexane saturated gas streams were led through a cooler at the same temperature as the water bath in which the membrane is placed (34.5°C) in the beginning of the experiment. The membranes were saturated with cyclohexane vapour for at least 16 hours. The vapour pressure was then lowered by stepwise lowering the temperature of the coolers. The system was stabilized at each temperature for 30 minutes. After this time the oxygen content on the nitrogen side was determined using a gas chromatograph Varian 3400 equipped with a zeolite 13X column.
At a relative vapour pressure equal to unity all pores are blocked by the condensed vapour, i.e., no open pores are present and no oxygen flux is measured. By decreasing the relative vapour pressure, e.g. by lowering the temperature of the gas streams, some pores become open according to the Kelvin equation (Eq. (7)). Now oxygen will diffuse through the open pores due to a concentration (partial pressure) gradient. In the beginning desorption takes place from the larger pores and by further lowering of the relative vapour pressure smaller pores become open.
Liquid-liquid displacement.
The liquid displacement experiments were carried out as described by Wienk [9] . Water and isobutanol were used as the two non-miscible liquids. After mixing of the two liquids the system was equilibrated for one night to obtain two saturated immiscible phases. To remove all the air bubbles this mixture was then kept for 30 minutes in an ultrasonic bath. Then the membrane was placed in isobutanol. Prior to the measurement the isobutanol has to be exchanged by water which acts as the stagnant liquid. The water wetted membrane was then placed in the cell of the liquid displacement set-up and then a certain flow of isobutanol through the membrane was adjusted by an HPLC pump (Waters 590) and the pressure necessary to obtain this flow was measured. Two sensors (Cerabar, 0-1 and 0-10 bar) have been used for the pressure measurement. A schematical drawing of the used set-up is given in Fig. 3 .
Results and discussion
Pressure normalized gas fluxes
The pressure normalized gas fluxes or P/l-values of the prepared membranes are given in Table 1 . For the commercial membranes the lowest flux was obtained for the Stork 5010 membrane. The P/1 values through the GFI" and Stork 3010 membranes are almost equal.
Field emission scanning electron microscopy
The surface of a GFY-membrane is shown in Fig. 4 . The pore size distribution seems to be quite uniform. The mean pore diameter is about 12 nm diameter, while some bigger pores of about 30 nm diameter can be observed.
The Stork 3010-membrane shows a quite non-uniform pore size distribution (see Fig. 5(a) ). The biggest pores on the surface are about 25 nm, while the mean pore size seems to be smaller than 4 nm. The Stork 5010 membrane shows some bigger pores of about 12 nm while the mean pore size is difficult to determine with this microscopic technique (see Fig. 5(b) ). The results are summarized in Table 2 .
Permporometry
Permporometry measurements have been carried out with the three commercialflat membranes. Unfortunately, it was not possible to carry out successful permporometry measurements with GFT membranes, probably, due to the presence of large pores. From Coulter ® porosimetry experiments [25] no pores, neither for the GF'F membranes nor for the Stork • Smaller than the microscopic resolution.
membranes, could be detected, which means that no pores bigger than 50 nm are present in the membranes. During a permporometry experiment the oxygen content at the nitrogen side of the membrane is measured as a function of the relative vapour pressure of cyclohexane. The oxygen content can then be transferred into an oxygen flux and then the pore size distribution can be obtained. The pore size distribution of a Stork 3010 membrane is shown in Fig. 6 . Starting from high pore radii the cumulative oxygen flux, which is the sum of all separate fluxes, increases due to the fact that with every step more pores become open. The cumulative oxygen flux can be differentiated stepwise, resulting in a pore size distribution (dJ/drp). The Stork 3010 membrane shows a relatively narrow pore size distribution with a mean pore radius of about 3 nm. In Fig. 7 the differential number of pores versus the pore radius is shown. It can be seen that, corresponding to Fig. 6 , a high number of pores of about 3 nm is present in the membrane. However, it should be realised that it was not possible to close all the pores of the membrane with condensed vapour i.e., in the beginning of the experiment an initial oxygen flux can be observed. This might be an indication for the presence of pores between 25 and 50 nm. Table 3 7 gives the oxygen flux through the dry unfilled membrane (dry flux) and the initial oxygen flow at the beginning of the permporometry experiment.
As can be seen from these values the decrease in the oxygen flux differs quite significantly for the various membranes. In the case of the GFT membrane the flux just decreased for about 20%, while for the Stork 3010 membrane this decrease was about 81% and for Stork 5010 about 60%. The cumulative and differential oxygen flux for a Stork 5010 membrane are given in Fig. 8 . It can be seen that the mean pore size is about 2 nm. This corresponds with the pore size distribution of this membrane shown in Fig. 9 . Because of experimental limitations it was not possible to determine the smallest pores. Probably, there are smaller pores present. For these membranes the initial oxygen flux in the beginning of the experiment was very low, so that it can be concluded that there might be a few bigger pores present.
The results of the permporometry experiments are summarized in Table 4 . For both Stork membranes the presence of bigger pores can be expected. The mean pore size for both membranes is about 2-3 nm, smaller pores cannot be detected with this method. 
Liquid-liquid displacement
Liquid-liquid displacement experiments were carded out with all three commercial membranes and the results are summarized in Table 5 .
The GFT membrane shows a quite sharp pore size distribution with a mean pore size of about 14 nm, while the largest detected pores are about 17 nm (see Figs. 10 and 11 ).
For the Stork 3010 membrane a relatively narrow pore size distribution was found with a mean pore radius of about 9 nm (see Figs. 12 and 13) . Probably, there are pores larger than 20 nm, however, they could not be detected by this technique. The Stork 5010 membrane also shows a relatively narrow pore size distribution with the mean pore size at about 6 nm (see Figs. 14 and 15) .
From these figures it can be concluded that both GFT and Stork 3010 show a relatively narrow pore size distribution. However, the difference in mean pore radius is quite significant with about 14 nm for the GFT membrane and about 9 nm for the Stork 3010 membrane. For the Stork 5010 membrane a somewhat broader pore size distribution was determined, with a mean pore size of about 6 nm. It is remarkable that for the GFT membrane not only the largest mean pore radius was determined but also the highest number of pores. The lowest number of pores was determined for the Stork 5010 membrane which is about three orders of magnitude lower than for the GFT membrane and two orders of magnitude lower than for the Stork 3010 membrane.
Comparison of the characterization techniques -A general discussion
A number of methods are available to characterize mesoporous structures as can be found in support layers of composite membranes. The choice of the method which is applied depends strongly on the nature and the application of the membrane, i.e., whether the membrane is used in the dry or in the wet state.
From the gas fluxes (see Table l ) it can be seen that the GPT membrane has the most open structure of the investigated membranes. The GFT membrane shows the biggest pores with a maximum size of about 30 nm and a mean pore size of about 12 nm. The mean pore sizes of the two Stork membranes are too small to be detected by this microscopic technique. Both membranes show some bigger pores of about 20 nm for Stork 3010 and 12 nm for Stork 5010. The trend can also be found in the results of the liquid-liquid displacement. Again for the GFT membrane the largest mean pore size (28 nm pore diameter) and the highest number of pores were determined. The smallest mean pore size was determined for the Stork 5010 membrane (12 nm pore diameter), while this is about 18 nm for the Stork 3010 membrane. The number of pores with the mean pore size is about the same for the two Stork membranes. However, it seems that in the Stork 5010 membrane pores greater than 40 nm in diameter are present (see Fig. 5(b) ). This might also explain the fact that in the permporometry experiments the Stork 5010 membrane already showed a higher initial oxygen flux than the Stork 3010 membrane (see Table 3 ). This is an indication for the presence of bigger pores which cannot be blocked by the condensed cyclohexane vapour.
The main difference between the here described characterization methods is the medium in which the characterization takes place; the permporometry is a partially dry method and the liquid-liquid displacement is a wet method. Beerlage [3] already found a large difference between characterization methods in the dry and in the wet state for ultrafiltration membranes of polyimide. She concluded in general that for characterization of support materials for composite membranes which are used in the dry state (gas separation) dry characterization methods are preferred. A quantitative statement concerning the valid-ity of the various techniques cannot be given since this is very much dependent on the nature (hydrophilicity/ hydrophobicity) of the used membranes and the morphology changes upon drying. Some general statements can be made:
(1) FESEM is a very useful technique to characterize the top surface of an ultrafiltration membrane. However, it should be realized that the quality of the obtained micrographs largely depend on the preparation method. Since the membranes have been dried the (surface) morphology may be changed and artefacts may be present due to this phenomenon and Ji improper procedures in the preparation technique.
(2) Permporometry and liquid-liquid displacement J are both permeation related methods which characterPi ise active (inter-connected) pores. In case of permporometry the morphology may be changed due to 1 drying of the matrix and exposure to organic vapours (e.g. the activity of cyclohexane changes from unity to zero). In case of liquid-liquid displacement the matrix Api may be changed due to the presence of the second liquid (e.g. iso-butanol). This swelling/drying effect r may give different results for the same membrane, n Moreover, for the theoretical description, the LaPlace (3) Both liquid-liquid displacement and permporo-7 metry reveals the existence of bimodal distributions. The knowledge whether large pores are present is ~/ important for both permeation related experiments 7-and coating experiments. 0 (4) A critical assessment to indicate which method is suitable for which application is beyond the scope of this paper since three methods are compared only. A distinction should be made whether the membrane is used as such (as ultrafiltration membrane) or as support in composite membranes. Since this work was focused on the second class of applications, it is preferred to apply at least the following (dry!) methods; gas permeation, permporometry, FESEM, and Coulter porosimetry (to indicate whether very large pores are present). If it is used as ultrafiltration membrane it is preferred to perform solute rejection measurements as well. In permporometry the pores of a membrane are filled with condensed vapour. During the measurement the removal of the condensed vapour from the pores due to a stepwise change in the vapour pressure is followed by the diffusion of oxygen through the open pores. The results of the permporometry measurements are often expressed in a pore size distribution where the number of pores is given as a function of the pore radius [2, 3] . For a practical reason it is not possible to monitor this oxygen flux continuously but only in certain intervals. This oxygen flux is then related to the average pore size limiting the interval. For that reason a correct pore size distribution can only be given as the differential number of pores (dn/dr) as a function of the pore radius. The derivation of this relation is given in this appendix.
List of symbols
A.2. Derivation
The gas flux through a porous membrane with pores in the nanometer range can be described by Knudsen 
B.1. Introduction
In liquid-liquid displacement an increase in pressure difference across the membrane allows liquid permeation through smaller pores by the displacement of the pore filling liquid in these smaller pores. Furthermore, there is an additional flow through already open pores due to the direct relation between flux and pressure difference. The results of liquidliquid displacement experiments may be expressed in a pore size distribution [9] where the number of pores is given as a function of the pore radius. Because of practical limitations the liquid flux cannot be followed continuously. The pressure is increased in certain intervals and the corresponding fluxes are measured. If the experiment is carried out in this way then one has to realize that the measured flux is not only caused by the open pores corresponding to the pressure, but also by pores which continuously opened in the interval. Therefore, for the calculation of the pore size distribution the width of the interval in which the pressure is increased has to be taken into account. The derivation of the correct pore size distribution from liquid-liquid displacement experiments, dn/dr as a function of the pore radius, is given in here. The integration is carried out from r:rmin, the pore radius just accessible for permeation, until r=oc. Both the lower boundary rmin and the integrand are a function of the pressure difference Ap. The pore size distribution is found by twice differentiating the flux with respect to the pressure difference, applying Leibnitz' theorem [26] . The relation between the pressure difference across the membrane and the pore radius is given by the Laplace equation for cylindrical pores and complete wetting of the pore walls by the stagnant liquid. From the measurement of the flux as a function of the pressure difference the pore size distribution can be calculated.
B.2. Derivation
